understood, although compounds as diverse as organic acids, phenols, glycoproteins and fl avones have been reported (Kaufman et al., 1999) . Tannins and humic acids have also been reported to be leached from root systems or inedible biomass (Gaspar et al., 1999) and may enhance the uptake of micronutrients (Mackowiak et al., 2001) . Although the biological activity of most of these natural products is unknown, it is clear than many of these compounds have biological activity that can impact microbe, plant, and animal physiology (Cutler and Cutler, 1999; Stutte, 1999) .
The accumulation of bioactive compounds in the hydroponic nutrient solution can affect crop productivity in intensive, continuous crop production systems (Stutte, 1999; Stutte and Sager, 1995) . The following section describes a long-term experiment at NASA's Kennedy Space Center that was performed to evaluate the feasibility of sustained production of 'Norland' white potato in recirculating hydroponic culture ). This experiment is described to illustrate the issues and opportunities that continuous production systems present.
Continuous Production of Potato (418-d Experiment)
An experiment was initiated in the BPC at KSC to test the hypothesis that staggered production systems were as effi cient as batch production systems for long-duration missions in a closed environment . The control treatment was a 104-to 105-d 5-m 2 batch planting of potato in which the entire crop was harvested and a new planting started in the same nutrient solution. This treatment was the typical end to end production of a single crop from planting to harvest, then repeating the sequence. The treatment was 5 m 2 staggered production in which ¼ of the plants were harvested and replanted into the shared solution at 26-d intervals for the duration of the experiment. This simulated a continuous production system which would result in a consistent supply of product over the course of the trial. The experiment ran for a total of 418 d (four batch cycles of the control).
In addition to the closed system tests a number of other additional horticultural crops have been grown using recirculating hydroponics. These have included romaine lettuce, spinach, chard, green onion, cherry tomato, bell pepper, pea, green bean, dry bean and strawberry. Below-ground crops produced in recirculating nutrient solution include radish, carrot, white potato, sweetpotato and peanut. The list of species and cultivars evaluated at KSC are summarized in Table 1 .
The use of higher plants in a bioregenerative life support system is desirable because they remove toxic CO 2 , replenish O 2 and purify waste water while generating food for the crew (Wheeler et al., 2001) . Controlled environment chambers are used to simulate environmental conditions that would be experienced on a spacecraft and possible planetary surface greenhouses. Controlled environment chambers also provide the precise control of air temperature, relative humidity, CO 2 concentration, light quality, light intensity and photoperiod that enable the unique aspects of closed environments to be explored. By using recirculating hydroponics in these chambers, precise control of nutrient composition, pH, EC, and temperature is also achieved (Stutte and Sager, 1995) .
The use of recirculating hydroponic systems creates a unique environment for the root system and presents several challenges for crop management. The primary advantages are that water usage is minimized, nutrient loss is reduced, and control of EC, pH, and fl ow rate is achieved (Berry and Knight, 1997; Graves, 1983; Resh, 1989) . In recirculating hydroponic production of a monoculture, all the plants share a common solution containing inorganic nutrients as well as organic exudates produced by root systems and rhizosphere microorganisms. In recirculating hydroponic culture of mixed crops, the shared solution may result in competition for nutrients at different stages of development, or the appearance of allelopathic responses, that will reduce yields.
It is estimated that up to 10% of the total carbon fi xed by a plant may be excreted by the root system. The production and accumulation of these organic compounds is not well Summary. NASA has investigated the use of recirculating nutrient fi lm technique (NFT) systems to grow higher plants on long-duration space missions for many years and has demonstrated the feasibility of using recirculating systems on numerous crop species. A long duration (418-day) experiment was conducted at Kennedy Space Center, Fla., to evaluate the feasibility of using recirculating hydroponics for the continuous production of Solanum tuberosum L. 'Norland'. The productivity of four sequential batch plantings was compared to staggered harvest and plantings. The accumulation of bioactive organic compounds in the nutrient solution resulted in reduced plant height, induced early tuber formation, and increased harvest index of the crops in both production systems. The changes in crop development were managed by increasing planting density and reducing cycle time to sustain production effi ciency.
The objectives of this paper are to describe how recirculating hydroponic systems have been applied to NASA's specialized plant production activities, provide an example of the how the accumulation of bioactive compounds in the nutrient solution impacts crop development, and identify challenges and opportunities associated with recirculating hydroponic systems.
NASA has been interested in the use of higher plants as a component of a bioregenerative life support system (BLSS) to regenerate the atmosphere, purify water, and produce food during long-duration space missions for over 40 years (Halstead and Durcher, 1987; Miller and Ward, 1966; Myers, 1954; Wheeler, 2001) . A number of different crops have been recommended for use in a BLSS Hoff et al., 1982; Salisbury and Clark, 1996; Tibbitts and Alford, 1982) . Research at Kennedy Space Center (KSC) using recirculating hydroponics to evaluate higher plants in a BLSS was initiated as part of the Controlled Ecological Life Support (CELSS) program in the mid-1980s and has subsequently evaluated many of these crops in controlled environment conditions (Wheeler et al., 1996 .
The primary test bed of the NASA CELSS project between 1988 and 1997 was the Biomass Production Chamber (BPC), an atmospherically closed chamber that had been converted from a hypobaric testbed during the Mercury Program (Prince and Knott, 1989) . The BPC provided 20 M 2 of growing area in a 113 m 3 volume. The chamber had four growing levels, each with an independent nutrient tank for recirculating hydroponics (Prince and Knott, 1989) . A number of staple crops were grown in these chambers between 1988 and 1996, including wheat, soybean, potato (Solanum tuberosum L.), bib lettuce, and tomato (Wheeler et al., 1996 .
Materials and Methods
'Norland' potato plantlets were transplanted into the growing trays of the BPC. All plants were grown using recirculating NFT culture as previously described (Wheeler et al., 1990) . Potato was selected as the crop for this experiment since it had been demonstrated to grow well in hydroponic systems and had a high harvest index .
There were a total of four 5-m 2 growing levels in the BPC, each with an independent 200 L nutrient solution reservoir that supported the recirculating NFT system. Two levels were grown in batch and two in staggered production. With each production system, one of the levels used stock nutrient solutions (Hoagland's solution) to supply essential elements, the other level had 50% of the nutrients recycled from the inedible biomass (leaves and stems) of previous harvests that had been processed though an aerobic bioreactor . There were no differences in yield between the two nutrient sources (Mackowiak et al., 1997; , and the treatments are combined and treated as replicates (Fig. 1) .
Environmental setpoints were maintained using a dedicated computer control system. These consisted of a 12 h light/12 h dark photoperiod with a matching thermoperiod of 20/16 ± 0.2 °C and constant relative humidity of 65% ± 6%. Atmospheric CO 2 concentrations were maintained at 1200 ± 10 µmol·mol -1 with an infrared gas analyzer (Licor, Lincoln, Neb.) . No effort was made to control CO 2 concentration during the dark cycle. The pH of the nutrient solution tank was controlled to 5.8 ± 0.2 by additions of dilute (2.5%) HNO 3 and nutrient solution temperature was maintained at 18 °C in all levels for the duration of the growout.
Solution electrical conductivity was controlled near 1.2 dS·m -1 by additions of a complete nutrient replenishment solution. A summary of actual environmental conditions for both treatments is shown in Table 2 .
The batch production treatment was in the upper chamber of the BPC. All 32 trays of the compartment were planted and harvested at 104-to 105-d cycles. Thus, the plants were all the same age during development. In the initial planting, each tray was thinned to 2 plants per tray (8 plants/m 2 ). In the second cycle, the density was increased to 3 plants per tray (12 plants/m 2 ) in anticipation of a reduction of total canopy area. This density was increased to 4 plants per tray (16 plants/m) in the third and fourth cycles. The nutrient solution was not changed following the harvests.
The staggered production treatment was in the lower chamber of the BPC. This treatment Norland' potato (82-d-old) grown using bioreactor effl uent from leaves and stems of previous potato harvests to supply 50% of the total nutrients to a new crop. Notice the accumulation of recalcitrant compounds in the solution that impart coloration. There were no differences in yield between the two sources of nutrients and both treatments accumulated bioactive compounds that reduced the canopy height and accelerated tuber initiation. 
Results
Plants were shorter and canopy area smaller for each successive planting in the staggered production system (Fig. 2a) . The reduction in plant height was accompanied by an earlier tuber initiation (21 vs. 28 d) and maturation of the crop (84 vs. 104 d). After about six planting and harvest cycles, all the plants had less biomass and height began to marginally increase (Figs. 2a and 3) . However, by increasing the density of the planting from 8 to 16 plants/m 2 , the reduced height was sustained and yield per m 2 was equal to or greater than that observed in the batch production.
After the initial harvest of the batch production system, a second planting was introduced into the aged nutrient solution. It too, exhibited a very striking and persistent reduction in plant height and canopy area that was accompanied by accelerated tuber initiation and early maturation of the crop (Fig. 2b) .
Weekly microbial monitoring of the nutrient solution and root tissue revealed a diverse microbial population, but no known pathogenic organisms. No pathogenic fungi or bacteria were detected in leaf tissue. Weekly analysis of the nutrient solution allowed nutrient imbalances in the solution to be avoided. Leaf tissue analysis at each harvest did not reveal defi cient or toxic nutrient levels (data not shown). These data suggested tha the growth response was not due to either a pathogen or nutrient imbalances in either the solution or the plant tissue. A series of experiments were then performed using the nutrient solution produced in 418-d study. The fi rst was the growth of potatoes under noninductive photoperiod conditions (night-break) to determine if the effect on growth was associated with reduced shoot height, earlier induction, or both. Potatoes grown on the aged BWP941 solution induced potatoes under these noninductive photoperiods while those grown on fresh Hoaglandsolution did not. The tuber inducing factor (TIF) could be removed by fi ltering the nutrient solution through activated carbon (Fig.  4) . This experiment, as well as several others, indicated that an organic compound produced by the potato was having a direct effect on the differentiation and partitioning of potato (Stutte and Yorio 1998, 1999) .
The change in growth response induced by the accumulation of the bioactive compound required changes in the crop management. The primary change was an increase in planting density from 8 to 16 plants/m 2 to achieve full canopy coverage for light interception. The TIF material can be removed from the nutrient solution with activated carbon fi ltering Yorio et al., 2001 ), but were not implemented since the 76% reduction in plant height, 7 d advancement of tuber initiation and 13% increase in HI are desirable changes for a long duration space mission. Unfortunately, it is not possible to actively control the titer of TIF in the solution since no timely monitoring approach for the compound exists at this time.
The accumulation of TIF presented several advantages for continuous production of potato, including reduction in plant height which decreases the cost of structures to grow the plants, accelerated harvest which increases the average daily yield by 20% (12.45 to 14.95 g·m -2 ·d -1 tuber dry mass), and increased the harvest index from 59.2 to 86.5. This means that the plant system was almost 50% more effective at converting the waste CO 2 into edible biomass when grown on in a nutrient solution containing TIF (Stutte and .
The use of a production system and/or natural product produced through such a process, would potentially benefi t seed potato production by extending the season, decreasing the time, and increasing the yield in a recirculating system. Because of those benefi ts, the process for producing the vegetative and tuber growth regulator was patented .
It was subsequently discovered that TIF bioactivity was retained in concentrated material, allowing it to be reconstituted and added back to hydroponic systems. The screening of the dried material in seedling bioassays revealed that it altered the shoot to root ratio of several species other than potato ). This suggests that the technique may have benefi ts beyond specialized potato production systems. As a result of this fi nding, both the Process (recirculating hydroponic production) used to produce potatoes and the Product (TIF containing solution/powder) from the process have been identifi ed as new technologies and are being evaluated for commercial development.
Impacts of Recirculating Hydroponics on Continuous Production
The example with potato described above illustrates a number of issues associated with the use of recirculating hydroponics in sustained, long-duration production systems. The fi rst is that recirculating hydroponics is an effective means of supplying water and nutrients that minimize water runoff and nutrient discharge while optimizing the nutrient requirements for an individual crop. This technique worked equally well with nutrients recovered from bioreactors or from stock reagents (Mackowiak et al., 1997 . A second is that bioactive organic compounds from plant and the microbial sources may accumulate in the nutrient solution and induce unexpected growth responses that require active management (Stutte and Sager, 1995, Stutte and . Finally, the process itself may produce bioactive materials that have commercial value .
While there is a rich literature on the presence of allelopathic compounds in the soil, the presence and impact of these bioactive compounds in hydroponic systems is not well understood or researched (Cutler and Culter, 1999; Kaufman et al., 1999) . It is not known whether high concentration of bioactive materials in the plant tissue (as in the case of medicinal crops) correlate with the accumulation of bioactive compounds in the nutrient solution and is an area requiring further investigation. It is also not known which phytochemicals that are biologically active in mammalian systems also have plant growth regulatory roles. While the literature is spotty, there are several instances of similar structures being used in both pharmaceutical and plant growth regulatory functions (Cutler and Cutler, 1999) . However, the management of growth modifying bioactive materials to enhance productivity may be an unanticipated benefi t of growing phytochemical rich plants in recirculating hydroponics.
In conclusion, the use of recirculating hydroponics for the long-term production of many crops has been demonstrated. The accumulation of bioactive organic compounds during sustained crop production in recirculating hydroponic systems may require that adaptations to the production system be used to either negate negative effects of allelopathic compounds or to exploit improvements in cropping effi ciency. The types of compounds that accumulate in the nutrient solution need to be identifi ed and the potential use of these natural products for plant growth regulators, pest control, or medicinal supplements carefully considered.
